ABSTRACT: Pores within organic matter (OM) are a significant contributor to the total pore system in gas shales. These pores contribute most of the storage capacity in gas shales. Here we present a novel approach to characterize the OM pore structure (including the porosity, specific surface area, pore size distribution, and water accessibility) in Marcellus shale. By using ultrasmall and small-angle neutron scattering, and by exploiting the contrast matching of the shale matrix with suitable mixtures of deuterated and protonated water, both total and water-accessible porosity were measured on centimeter-sized samples from two boreholes from the nanometer to micrometer scale with good statistical coverage. Samples were also measured after combustion at 450°C. Analysis of scattering data from these procedures allowed quantification of OM porosity and water accessibility. OM hosts 24−47% of the total porosity for both organic-rich and -poor samples. This porosity occupies as much as 29% of the OM volume. In contrast to the current paradigm in the literature that OM porosity is organophilic and therefore not likely to contain water, our results demonstrate that OM pores with widths >20 nm exhibit the characteristics of water accessibility. Our approach reveals the complex structure and wetting behavior of the OM porosity at scales that are hard to interrogate using other techniques.
■ INTRODUCTION
In 2013, the U.S. Energy Information Administration estimated that 4644 trillion cubic feet of gas-in-place could exist in potential shale gas formations in the United States. 1 Shale gas plays an increasingly important role in the U.S. energy supply due to implementation of techniques such as horizontal drilling and hydraulic fracturing. However, shale is still hard to evaluate using routine core analysis or petrophysical techniques because of the compositional heterogeneity, pore structure complexity, and fine-grained nature of the rock.
Nonetheless, it has been well documented that nanoscale pores exist in both the mineral matrix and organic matter (OM) in shales. 2−8 Pores in OM provide surface area for sorption and storage of hydrocarbons. 9−11 These pores may contribute significantly to the storage capacity and gas flow in shales. 12, 13 As such, OM porosity has been recognized as a key parameter to evaluate the storage capacity and productive potential of a shale unit.
14−16 As a result, many studies have recently focused on the morphology and distribution of OM porosity by taking advantage of imaging techniques such as focused ion beam (FIB) polishing coupled with scanning electron microscopy (SEM), 2,3,5,17−19 transmission electron microscopy (TEM), 20, 21 and helium ion microscopy (HIM). 22 Although these imagebased techniques are powerful, pore quantification in OM may sometimes be inaccurate and may not always be representative when completed with these techniques due to spatial inhomogeneities, compositional complexities, and the fractal nature of shale porosity. 8, 23, 24 Given the difficulty of representative imaging and quantification of porosity at the nanometer scale, questions regarding the physicochemical nature of OM porosity still persist. For example, a regional study found that the average water saturation of the Marcellus Formation is 23% with a standard deviation of 10% based on well log analyses for more than 340 wells. 25 However, it is unknown as to whether all the water in the shale is located in the mineral matrix or if some resides in the OM. Current conceptual models are based on the assumption that the OM porosity is hydrocarbon-wet and therefore unlikely to entrap water. 26, 27 However, Hu et al. modeled the water dynamics in kerogen pores with different surface functionalities and found that some of these pores may be able to hold water. 28 In fact, the water accessibility of OM porosity is an important characteristic of shales; it may affect the gas-in-place estimation, the recovery of hydrocarbons, the mechanisms of hydrocarbon transport, and the fate of hydraulic-fracturing fluids. 28, 29 In this context, knowledge of the density and distribution of the OM together with its pore microstructure (morphology, size, distribution of pores) is essential. Small-angle and ultrasmall-angle neutron scattering (SANS and USANS) provide quantitative pore structure information averaged over centimeter-sized samples for pores exhibiting a wide range of length scales from nanometers to micrometers. 30 Combined SANS and USANS has been used to characterize the pore structure and fluid accessibility of shale. 8,31−34 However, none of these studies discriminate between OM-and mineral-hosted pores.
Here, we present a new method that employs the contrast matching technique of SANS and USANS with Marcellus shale samples both before and after combustion (to remove OM) to distinguish pores in the mineral matrix and in OM. By using this method, the density of OM as well as the structure and the water accessibility of OM porosity is quantified.
■ BACKGROUND
There is an extensive literature regarding the principles and practice of small-angle neutron scattering, 24, 35, 36 as well as its application to sedimentary rocks. 37, 38 We have recently used this technique to characterize the pore structure and the water accessibility of Marcellus shale. 8, 33 Briefly, when a neutron beam penetrates a thin section of rock, the elastic neutron scattering contains information about the size and spatial distributions of the scattering particles. The scattered intensity measured by the detector depends on the contrast in neutron coherent scattering cross-section of the scatterers. The scattered intensity, I(Q), is measured over several decades of the momentum transfer or scattering vector, whose modulus is Q = 4 πλ −1 sin θ, where λ is the incident wavelength and 2θ is the scattering angle. In rocks, I(Q) is often effectively a Fourier transform of the pore/solid microstructure; the scattering is mainly contributed from objects within the size range 2.5/Q ± 50%. 39 As a result, a statistically representative pore size distribution can be calculated from I(Q) profiles. 8 For a two-phase system, I(Q) is proportional to the scattering contrast, Δρ 2 ,
where ρ 1 and ρ 2 are the scattering length densities (SLD) of phase 1 and 2, respectively. For overmature Marcellus shale samples such as those discussed herein, the value of the SLD for mineral grains (3.2 × 10 −6 to 4.7 × 10 −6
) Å −2 is close to the value for kerogen (3.4 × 10 −6 to 3.8 × 10
, 8, 40 and is much higher than the SLD of pores (ρ pore ≈ 0). Consequently, the vast majority of the scattering originates from pores embedded in the shale matrix. Therefore, the matrix exhibits an approximately uniform SLD, and the two-phase approximation may be used to interpret the scattering for samples such as the Marcellus shale studied here.
We use the polydisperse spherical pore (PDSP) model to determine the porosity and the pore size distribution from scattering data based on our published method. 8 It is also worth noting that the pore dimensions we report here are average values calculated over all orientations using the PDSP model; i.e., they are based on the assumption that the pores are spheres. The porosity derived from I(Q) for the original untreated sample (φ A ) includes water-accessible pores in the mineral matrix (φ acc ), water-inaccessible pores in the mineral matrix (φ inacc ), and pores in OM (φ OM , as illustrated in Figure  1a ):
Because of the large difference in the values of SLD for H 2 O (−0.56 × 10 −6 Å −2 ) and D 2 O (+6.3 × 10 −6 Å −2 ), a mixture of these two liquids can be made to match the SLD of the shale matrix, i.e., minerals and OM. After the sample was soaked in the appropriate D 2 O/H 2 O mixture, the water-accessible pores become indistinguishable from the solid phase, leaving only the water-inaccessible pores as detectable pores (Figure 1b) . The scattered intensity, I(Q), for a sample with this contrastmatched H 2 O/D 2 O mixture measures only the pores and pore/ solid interfaces of the water-inaccessible pores. In this case, the porosity of the contrast-matched sample (φ B ) is
Here, ω is defined as the fraction of OM porosity that is wateraccessible. Samples can also be combusted to reduce or completely deplete the OM content, leaving behind only mineralassociated porosity (Figure 1c) . Assuming that the combustion has only a negligible effect on the pores in the mineral matrix, and that the OM is completely combusted, we calculate the porosity of the dry, post-combustion sample (φ C ) as follows:
Both the assumption of complete OM degradation and lack of change of matrix porosity during combustion are further Figure 1 . Schematic diagram of the pore structure in shale with and without contrast matching. The original shale (a) consists of wateraccessible pores (light blue) and water-inaccessible pores (white) in both mineral grains (brown ellipsoids) and OM (black irregular features). After contrast matching (b), the water-accessible pores are filled with H 2 O/D 2 O (color of accessible pores change from light blue to brown), leaving the isolated (water-inaccessible) pores in mineral grains and OM as the only pores that still scatter neutrons. After combustion (c), the OM as well as the associated pores have been removed, leaving behind water-accessible pores. After combustion and contrast matching (d), only water-inaccessible pores in mineral grains still scatter neutrons. Using the calculations described in the text, we distinguish these different pores. Porosity in the images has been exaggerated; i.e., particles are largely touching in every sample and porosity is much lower than images show. discussed and verified by SEM and total organic carbon measurements before and after combustion below. Here V OM is defined as the original volume percent of OM; i.e., the new porosity that appears after combustion. A final treatment can be completed to solve for all these types of porosity. Specifically, the post-combustion samples can be saturated with contrast-matching fluid to calculate another porosity value (φ D ). For these wet, post-combustion samples, the volume occupied by OM and the water-accessible pores in the mineral matrix become filled (Figure 1d ), so that scattering only occurs from the water-inaccessible porosity in the mineral matrix (φ inacc ). Then we can write
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Combining eqs 2−5, we have five unknowns and four equations. For the unweathered Marcellus shale studied in this work, we further assume pores larger than 10 nm in mineral matrix are water-inaccessible (this assumption is discussed in greater detail below). By doing this, all of the three types of porosity (φ acc , φ inacc , and φ OM ) as well as the volume fraction of OM (V OM ) can be determined. Similar calculations can be applied to calculate the surface area of different types of pores.
■ SAMPLES AND METHODS
Four samples were obtained from the lower Union Springs Member of the Marcellus Shale in two boreholes less than 30 km apart in Pennsylvania. The Bald Eagle (BE) borehole was drilled near the lower Hamilton Group outcrops in central Pennsylvania in a nonproducing region by the Appalachian Basin Black Shales Group at the Pennsylvania State University in conjunction with the Pennsylvania Topographic and Geologic Survey. The Snow Shoe (SS) borehole was drilled in the producing region and donated by Enerplus Corporation (Figure 2 ). The geological setting, information from the wireline logs, and geochemical data for the lower Union Springs Member in these two boreholes have been reported previously. 42 These two cores are overmature with vitrinite reflectance (Ro) values of 2−2.2% (measured by the National Petrographic Service). Two samples from the Bald Eagle core (BE850 and BE910) and two samples from the Snow Shoe core (SS8466 and SS8721) were selected, where the numbers refer to the sampling depth below land surface in feet. The samples were characterized for bulk chemistry by Li metaborate fusion digestion followed by inductively coupled plasma atomic emission spectroscopy (ICP-AES), and the mineral composition was determined by semiquantitative X-ray diffraction (XRD) at the Materials Characterization Laboratory at Pennsylvania State University.
Neutron scattering measurements were conducted at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR). The small-angle neutron scattering (SANS) measurements were taken on the NG3 SANS instrument, 43 using a neutron wavelength of 8.4 Å at three sample−detector distances (1 m, 4 and 12 m with lenses) in order to cover the full Q-range of 0.001− 0.28 Å −1 . The ultrasmall angle neutron scattering (USANS) measurements were taken on the BT5 beamline, 44 using a wavelength of 2.38 Å with a Q range from 3 × 10
, ensuring that there is sufficient overlap in Q between the SANS and USANS data. The measured pore dimensions are from 10 to 10 5 Å, the range over which the porosity, defined as the ratio of volumes of pores to sample volume, is reported in this study. The USANS data were normalized, desmeared, and merged with the SANS data according to the protocol of NCNR and NIST. 45 Both SANS and USANS were measured on thin sections for each sample by placing the thin sections normal to the incident beam at ambient conditions. Rock sections were cut both parallel and perpendicular to bedding and glued on quartz slides. The slides were polished on both sides to thicknesses of 150−250 μm thick as measured using a digital micrometer (Mitutoyo, USA). Multiple scattering may exist for some thicker samples, and this effect was eliminated following the method developed by Monkenbusch. 46 Depending on the sample size, two different cross sectional areas were utilized and defined by holes in cadmium plates with either a 12.7 mm (1/2 in.) or 6.35 mm (1/4 in.) diameter. An identical thin section of each sample was also combusted using a temperature ramp from room temperature to 450°C for 16 h to remove OM. 47, 48 As discussed below, almost all of the OM was combusted.
The sample (i.e., thin section) for the contrast-matching experiment was detached after approximately 1 day of acetone soaking. After drying, the sample was immersed in a contrast-matching mixture (D 2 O and H 2 O) in a quartz-sample-quartz "gasketted sandwich" for at least 1 week at ambient conditions as described in Jin et al. 49 Before conducting neutron scattering, excess water in the sandwich was removed through a syringe. The mass ratios of the D 2 O:H 2 O mixed for each sample are listed in Table 1 . The SLD values were calculated using the NIST SLD calculator (https://www.ncnr.nist.gov/ resources/activation/) based on the bulk chemistry (determined by ICP-AES, Table S1 ) and grain density (estimated by mineral content summarized in Table 1 ).
The core samples were cut using a low-speed diamond saw (Buehler Isomet 11-1180-160) with water, dried at 60°C overnight, polished, and mounted on SEM stubs using carbon paste. To achieve smooth faces for the cross-sectioned samples for SEM, a layer of platinum was deposited over the area to be milled using the FIB deposition system (FEI Company Quanta 200 eD Dual Beam FIB at Materials Characterization Laboratory, The Pennsylvania State University). During milling, the Ga + ion beam was maintained normal to the sample surface with the electron beam at an angle of 52°from the ion beam. Acceleration voltage for Ga + was 30 kV, and the beam current was 2.5 nA.
After the FIB milling, the FE-SEM was performed on a FEI NanoSEM 630 FESEM microscope with an accelerating voltage in the range of 3−4 kV and the landing energy in the range of 2−3.5 kV. The milled surface was maintained orthogonal to the detector. We used the backscattered electron (BSE) imaging mode with a vCD detector (low-voltage, high-contrast detector) to distinguish minerals, organic matter, and pores based on differences in mean atomic number. The samples were also probed using energy-dispersive X-ray spectroscopy (EDS).
The FIB system was also used to create thin sections for examination using transmission electron microscopy (TEM). The surrounding substrate was removed using the FIB, and the sample was thinned to an approximate thickness of 100 nm.
The morphologies of the grains in the shale samples were studied by scanning transmission electron microscopy (STEM) using a FEI . 41 The stars represent the well locations: Snow Shoe (SS) core is in the Appalachian Plateau and the Bald Eagle (BE) core is in the Valley and Ridge physiographic province. Titan G3 TEM equipped with a spherical aberration corrector on the probe-forming lenses at an accelerating voltage of 250 kV.
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■ RESULTS
The mineral compositions (mass %) both before and after combustion are presented in Table 1 . The shales consist mainly of clay minerals (Illite, chlorite), quartz, carbonates (calcite), and small amounts of feldspar (albite-rich plagioclase), and pyrite. After combustion, the relative contents of clay and quartz remain the same while the pyrite is undetectable ( Table  1) . The selected samples have various total organic carbon (TOC) values; the highest TOC occurs at the bottom of the Union Springs Member in both cores. After combustion at 450°C for 16 h, the organic carbon is almost completely eliminated from all the samples (<4% of the initial TOC, Table 1 ). We therefore conclude that combustion does not significantly affect the chemical nature of the mineral matrix of the shale but removes the organic matter. For example, although carbonate in SS8721 changed from 5.3% to 3.2%, this small change is still within the uncertainty of XRD analysis.
We have further examined how combustion affects the pore structure of the shale mineral matrix. One subsample of BE850 was polished by FIB milling, and the trench position was marked. This sample was then combusted as per the other thin sections and imaged again. The images before and after combustion are shown in Figure 3 . Under the low voltage used for imaging, the backscattered signal is only sensitive to electrons backscattered from the surface (<1 μm) of the trench. The contrast change after combustion clearly shows the organic matter is eliminated and converted to pore space (for example in the boxed area in Figure 3 ). On the other hand, the physical structure of the mineral matrix appears the same before and after combustion.
Representative neutron scattering curves (combined USANS and SANS) for each procedure are presented in Figure 4 (for samples from the Bald Eagle core) and Figure 5 (for samples from the Snow Shoe core). The scattering curves show a power-law dependence over 4 orders of magnitude in Q and 11 orders of magnitude in I(Q); i.e., the intensities define almost a straight line with a slope close to −3 on the log−log plot. This slope is consistent with a very rough mineral-pore interface; furthermore, the flat, high Q region is typically attributed to incoherent scattering. 38 As shown in Figures 4 and 5 , the scattering intensity for each procedure (in panels B−D) was divided by the intensity for the original sample (A) to resolve subtle details. The highest intensity is observed for total porosity of combusted samples (samples after procedure C), since it includes all types of porosity as well as the space occupied by OM (eq 4). Although the curves appear to be close on a log−log scale, intensities of scattering of samples after procedures A (original) and C (combusted) differ by factors of 2 to 4 at small Q (coarse features), due to the removal of OM by combustion. It is noticeable that at large Q (fine features) the intensities for total porosity of the pre-combustion samples (procedure A) are higher than those for the post-combustion samples (procedure C). This difference is attributed to nanometer-scale porosity in the OM. On the other hand, the lowest intensity is observed for scattering from the waterinaccessible porosity of combusted samples (procedure D). Scattering in those samples is attributed only to waterinaccessible pores in the mineral matrix (eq 5). The intensity difference between samples after procedures B and D is attributed to the change in the water-inaccessible porosity in the OM (eqs 3 and 5). For samples from the Bald Eagle core, a big gap exists between these two lines ( Figure 4) ; in contrast, for samples from the Snow Shoe core, these two data sets are almost identical ( Figure 5 ), indicating that there is little to no water-inaccessible porosity in the OM for these last samples. The EDS analysis at the spot indicated by the arrow showed a strong carbon peak before combustion (a) and no carbon peak post-combustion (b). Where the OM layer is thin (for example, in the boxed area in the figure), the mineral structure was exposed upon combustion of the OM; however, where the OM was deep such as at the arrow in (a), combustion leaves behind a deep pore as labeled in (b). As a proof of principle for our methodology, we have also conducted a neutron scattering measurement on one gray shale sample (DC9-21, Silurian Rose Hill Formation) with extremely low TOC (Table 1) , using the same procedure as for the other samples. The sample was collected from a borehole (CZMW8, 6.4 m below surface) at Susquehanna Shale Hills Critical Zone Observatory (SSHCZO) in central Pennsylvania. 49 Figure S1 shows the combined USANS and SANS scattering curves for each procedure. It is evident that the combustion does not change the properties of the nanoscale porosity and internal a The porosity and SSA were calculated from SANS/USANS data using the polydisperse sphere (PDSP) model as described in the text. Uncertainties correspond to one standard error. The data for BE850 and BE910 (procedures A and C) were previously published by Gu et al. (2015) . b A: original samples before treatment, B: after contrast matching, C: after combustion, D: after combustion and contrast matching. The porosity is the ratio of the total volume of pores of size range from ∼1 nm to ∼10 μm (i.e., pores that scatter neutrons) normalized by sample volume. The porosity is indicated for the untreated sample as φ A , and for the sample after treatments B, C, and D as φ B , φ C , and φ D , respectively (see text).
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d Total volume of micropores (size <2 nm) divided by sample volume.
e SSA for pores <2 nm in size. f The average pore dimension defined as 4 V/A, where V is the pore volume and A is the surface area, both determined as described in text using SANS/USANS data. surfaces significantly. The pore size distribution changes slightly after combustion; mesopores (i.e., pores with diameters between 2 and 50 nm) increase, and the macropores (pores with diameters larger than 50 nm) decrease. However, the total porosity, specific surface area, and average pore width remain the same ( Table 2) . As shown in eqs 3 and 5, the difference between procedure B (contrast matched) and D (combusted and contrast matched) can be attributed to the waterinaccessible pores in OM. Because of the low TOC in DC9-21, the scattering curves for the water-inaccessible pores before (procedure B) and after combustion (procedure D) are almost identical as expected ( Figure S1 ). This shows that combustion only negligibly affects the pore structure (both total pores and water-inaccessible pores) in the mineral matrix in these shale samples.
To examine the change of fine structure, we have further quantified porosity as a function of pore size. The pore size distribution is the relative abundance of pores of a diameter within a narrow range centered on a pore size. The pore size distribution for different procedures can be quantified by applying the polydisperse sphere (PDSP) model to fit the scattering curves. 8, 50 The trends in the size distributions ( Figure 6 ) follow similar trends predicted by analysis of the scattering curves (Figures 4 and 5) . A distinctive, sharp peak at around 2 nm is observed in pre-combustion samples of both Marcellus shale ( Figure 6 ) and Rose Hill shale ( Figure S2 ). This peak vanishes after soaking the sample in a D 2 O/H 2 O mixture to saturate the water-accessible pores. We therefore infer that this peak represents the water-accessible interlayer space within clay platelets. Similar observations have been reported for clays and clay-rich shales. 7 However, for the organic-rich sample from the Bald Eagle core (BE910), this peak (which plots at a higher value than in other samples) does not vanish completely after contrast-matching (procedure B). Instead it vanishes only after combustion (procedure C), which is consistent with the existence of water-inaccessible micropores (<2 nm) in OM. For samples from the Bald Eagle core, the water-inaccessible porosity (procedure B) comprises 61−70% of the total porosity (procedure A), and the differences are observed only at small pore dimensions (<10 nm); in contrast, for the organic-rich sample (SS8721) from the Snow Shoe core, the water-inaccessible porosity is substantially lower than the total porosity (29%) over the whole length scale of pores ( Figure 6 and Table 2 ). Observations similar to those for the Bald Eagle core have been reported for unweathered bedrock from organic-poor Rose Hill shale; 49 i.e., pores larger than 10 nm have limited water accessibility. If we assume the pores in the mineral matrix for the Marcellus shale have a similar pore size distribution and water accessibility as the Rose Hill shale pores, we conclude that the water-accessible pores larger than 10 nm in the samples from the Snow Shoe core are mainly in the OM.
The pore size distribution differs substantially after combustion (procedure C); a very broad peak ranging from 10 nm to 10 μm appears (Figure 6 ), and the average pore dimensions increase 1.9−7.7 times after combustion ( Table 2 ). The increase of porosity after combustion is roughly proportional to the loss of TOC. On the other hand, the values of the specific surface area (SSA), mainly contributed by micropores, decrease after combustion. This decrease is observed especially for sample BE910, confirming the existence of micropores in OM for this sample. In contrast, combustion did not change the pore size distribution significantly for the organic-poor Rose Hill shale ( Figure S2 ). The water-inaccessible pores in the OM (the difference in porosity for samples after procedures B and D), is apparent for the samples from the Bald Eagle core (Figure 6a,b) , but not for the samples from Snow Shoe core (Figure 6c,d ). In these latter samples, the porosity, SSA, and pore dimensions are similar as shown in Table 2 . In other words, the OM porosity for samples from the Bald Eagle core is mainly water-inaccessible, whereas OM porosity in the Snow Shoe core is all water-accessible (ω = 1 in eq 3). Though water-accessible pores in the OM for the Bald Eagle core may exist, we argue that they are only a small portion of the total OM porosity. To make the calculation more straightforward, we assume that all the OM porosity for samples from the Bald Eagle core is water-inaccessible (ω = 0 in eq 3). Then the different types of porosity (φ acc , φ inacc , and φ OM ), as well as the volume fraction of OM (V OM ) can be calculated by solving eqs 2−5. The size distributions of calculated OM porosity (φ OM ) and the volume fraction of OM particles (V OM ) are shown in Figure 7 . For all the samples, OM porosity comprises large portions (24−47%) of the total porosity and accounts for 25−29% of the OM volume ( Table  3 ). The pore dimensions for mineral-associated pores are between 4 and 5 nm for all the analyzed samples (Table 3 ). In contrast, the OM pores from the Snow Shoe core, which are water-accessible (ω = 1), are significantly larger than those from the Bald Eagle core. In the latter core, the OM pores are water-inaccessible (ω = 0).
Once different types of porosity as well as the volume fraction of OM are calculated, the density of OM can be derived based on a mass-balance model:
where ρ k is the skeletal density of OM (excluding the pores in OM), ρ m is the skeletal density of mineral (2.7 g/cm 3 in this study), and C k is the mass fraction of carbon in OM (0.85 for these samples). The calculated OM density (1.51−1.70 g/cm 3 , Table 3 ) is reasonable compared to the reported value for Marcellus shale with high thermal maturity. 51 Scanning electron microscopic analysis of the organic-rich samples (BE910, milled with FIB) from the Bald Eagle core shows no observable pores in OM (Figure 8a ). The detection limit for FIB-SEM under our working condition is around 5 nm, which indicates that most OM pores (if present) are smaller than 5 nm. Consistent with this interpretation, highmagnification scanning transmission electron microscopy (STEM) with a detection limit around 1 nm clearly imaged OM pores at the nanometer scale on the same FIB-milled trench (Figure 8b) . In organic-rich samples from the Snow Shoe core (SS8721), the SEM imaged well-developed, bubblelike pores in OM (Figure 8c,d) . OM pore diameters for sample SS8721 range from 7.7 to 135.5 nm with an average of 32.9 nm (n = 73). This average is 1 order of magnitude larger than the a φ acc : water-accessible porosity in mineral matrix; φ inacc : water-inaccessible porosity in mineral matrix; φ OM : OM porosity; V OM : volume of OM normalized by total sample volume (including the pore space in OM). The values were calculated through eqs 2−5 by using the porosity values (φ A , φ B , φ C , and φ D ) in Table 2 as described in text. b ω: the fraction of OM porosity that is water-accessible. c ρ k : the OM density (excluding the pores in OM). The value could be overestimated if the OM particle size is larger than the detectable size range by SANS/USANS (∼1 nm to 10 μm). 
Article OM pores in sample BE910. Analysis of the FIB-SEM images for sample SS8721 shows 23−31% (by area) of OM is occupied by pores (Figure 8c,d ). These observations are consistent with the results derived from neutron scattering (Table 3) .
In summary, we note that both the OM porosity and water accessibility for samples from the Bald Eagle core differ substantially from those from the Snow Shoe core; the OM pores are small (1.7−6.2 nm) and water-inaccessible for the Bald Eagle core, and the OM pores are large (22−25 nm) and water-accessible for the Snow Shoe core.
■ DISCUSSION OM Porosity. Because the OM porosity is recognized as an importantand in many cases the most important component of pore systems in shales, different techniques have been applied to characterize this porosity. 2, 3 On the basis of a survey of the literature, high-resolution imaging coupled with FIB polishing (FIB-SEM or FIB-TEM) has become the most popular technique to identify OM porosity. This is likely because OM particles, mineral grains, and pores can be easily distinguished in the backscattered mode. However, the spatial resolution for FIB-SEM is around 5−10 nm, which may not allow imaging of all OM porosity, leading to underestimates (see Figure 8 ). For example, Milliken et al. reported 68−98% of the total porosity (determined by helium pycnometry) is undetectable by FIB-SEM for Marcellus shale. 18 In contrast, the method we have developed allows more accurate estimates of the porosity over 4 orders of magnitude in length scale on centimeter-sized samples.
Some nonimaging methods, e.g., gas adsorption, have also been applied to quantify OM porosity. For example, Kuila et al. investigated the change of pore structure before and after OM removal (by sodium hypochlorite oxidation) in samples with different thermal maturity and confirmed the presence of micropores and fine mesopores (<5 nm) within the OM for thermally mature samples. 52 For the two organic-rich (TOC from 10.0% to 10.7%), overmature Marcellus shale samples analyzed in their study, the OM porosity occupied 23−25% of the OM volume. The results of Kuila et al. are similar to our conclusions where we observed values of 25−29%. However, the method employed by Kuila et al. only detects pores smaller than 5 nm within OM. 52 Our results demonstrate that though OM pores smaller than 5 nm are dominant in some samples (e.g., from the Bald Eagle core, Figure 7b ), larger OM pores also are present and can dominate in some samples (e.g., Snow Shoe core, Figure 7d ). Our method allows quantification of these pores as well as smaller pores. Similarly, Valenza et al. observed decreases of surface area after OM removal by combustion (at 450°C for 16 h), which was attributed to the loss of microporosity within OM. 48 The morphology, abundance, and size of OM pores are highly variable and likely controlled by differences in OM type, 19 primary porosity, 53 thermal maturity, 5, 21 and diagenetic and compaction conditions. 18, 54 Our study demonstrates that Marcellus samples from two boreholes located <30 km apart with similar thermal maturity (2% R 0 ) and similar kerogen type (type II) have significantly different OM pore sizes; i.e., pores in the OM of the Bald Eagle core are much smaller than in the Snow Shoe core.
One possible reason for the difference in OM pore size in these two locations is that even though they have the same maximal burial temperature (∼200°C, as reflected by similar vitrinite reflectance values, 2.2% R 0 ), they have experienced very different cooling rates. The Marcellus shale is believed to have been deposited 389 million years ago, presumably reaching its maximum burial temperature about 270−250 million years ago. 55, 56 As determined from fission-track analysis of the Tioga ash bed right below the Union Springs Member, the average closure temperature for the apatite (100°C ± 20°C ) in the Valley and Ridge Province (location of the Bald Eagle core) was recorded 211 ± 21 million years ago. 57 In contrast, the average apatite fission-track age of the Devonian Catskill Formation from the Allegheny Plateau (where the Snow Shoe core was drilled) records closure 129 ± 32 million years ago. 57 The fact that the fission-track age is closer to the maximum burial time for the Bald Eagle core indicates that the formation likely cooled faster initially at this site. 55 This conclusion is consistent with the idea that the uplift caused by structural duplication of the stratigraphic section in the fold and thrust belt (Valley and Ridge Province) created increased relief that promoted increased erosion ratesfaster exhumation which was associated with faster cooling. Finally, the eroded detritus likely was transported west where it was deposited to blanket the Plateau region, thereby retarding the cooling in that region even more.
In summary, compared to the Snow Shoe core, the Bald Eagle core experienced a much faster cooling rate. If the OM pores initiated from gas nucleation in the OM, then they were of similar size in the OM in both the Valley and Ridge and Plateau locations initially. Assuming the pore size after nucleation is a function of the rate of gas diffusion through the OM, 22 then the large, bubble-like pores in the Snow Shoe core might have been generated via Ostwald ripening over the longer cooling time scales compared to the Bald Eagle core. The fast cooling experienced by the Bald Eagle core may even have trapped gas in the smaller pore sizes because Ostwald ripening did not occur during the shorter cooling time.
Another possibility for the difference is that the hydrocarbons in these two cores produced different types of OM retained in the system. It is likely, for example, that the OM in the Bald Eagle core is mostly thermally mature kerogen which was cross-linked before gas generation. King et al. argued that this cross-linking causes cessation of Ostwald ripening of gas bubbles and thus results in smaller bubbles. 22 On the other hand, the OM in the Snow Shoe core is likely solid bitumen (e.g., pyrobitumen or migrated oil that was pyrolyzed), which was not cross-linked until late in the thermal cycle, well after gas generation. Without as much early cross-linking, gas bubbles could have grown larger, displaying a larger range of sizes. The larger pore size in solid bitumen has been predicted theoretically by King et al. 22 and observed by scanning transmission X-ray microscopy in Lower Toarcian Posidonia shale in Germany. 21 More research is needed to test these hypotheses and explore the details of mechanisms of generation of OM porosity. 53 As discussed above, the OM pores for the Snow Shoe core with average pore sizes larger than 20 nm are water-accessible, and both the porosity and the pore widths are larger on average than those for the water-accessible pores in the mineral matrix (Table 3) . We therefore hypothesize that the OM pores that are larger than 20 nm, i.e., pores observable by FIB-SEM, likely control the connectivity and provide the dominant flow pathway in this shale in this area at this depth interval. A similar model has been proposed for the Barnett shale 2,58 and the Horn River shale. 5 In both cases, OM pores have been observed under FIB-SEM. Ruppert water accessibility in the Barnett shale is around 78−90% (by combined USANS/SANS and contrast matching) and that OM pores are observable under FIB-SEM. 34 These results are consistent with our observations. Water Accessibility of OM Pores. The general consensus in the literature is that OM porosity is hydrophobic and therefore unable to trap water. 5, 26 The general argument is that these pores become more hydrophobic during maturation of OM. 59 However, in this study we have demonstrated that even in samples of the Marcellus shale with high thermal maturity, if the OM pore size is large enough (>20 nm), the OM porosity can be water-accessible at ambient conditions. Consistent with this, Kuila et al. measured the total porosity of thermally mature shale samples by the water immersion porosimetry (WIP) method and found a positive correlation between OM content and WIP porosity, which is consistent with water accessing the pores within OM. 52 It should be noted that the contrastmatching experiments in our study were conducted at ambient conditions. It is possible that the water accessibility of OM pores in shale might also depend on the pressure, temperature, and salinity of the fluid. Molecular dynamics simulations as well as gravimetric measurements on porous carbons have shown, for example, that pore filling by water is not only controlled by the pore size but also by the pressure and temperature. 60 Implications. Hydraulic fracturing has emerged as an effective technique for hydrocarbon production from shale reservoirs. A typical procedure to hydraulically fracture the Marcellus Shale in a given well uses 7000−18000 m 3 of fracturing fluid. 61 Of this, only 7−22% of the injected fluid is recovered. 62 The fluid retained in the shale reservoirs could be sequestered by imbibition into the shale matrix through chemical osmosis, capillary trapping, and induced microfractures. 25, 29 The OM pores may provide a pathway for such fluid transport and storage. A better understanding of the behavior of water in shale pores will lead to improved models for the imbibition/diffusion process 63 and eventually for more efficient management of the fracturing fluids. 64 An important consideration for these improved models will be the fact that not all OM is water-inaccessible. Only with quantitative methods such as the one discussed here, where both water accessibility and porosity can be determined for OM and mineral fractions of the shale, will it be possible to develop useful models of the transport properties of shale.
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